Abstract: Fluorescent proteins (FPs) possess a wide variety of spectral properties that make them of widespread interest as optical markers. These proteins can be applied as pH indicators or metal biosensors. The discovery and characterization of new fluorescent proteins is expected to further extend their application. Here, we report the spectral and structural analysis of a red fluorescent protein from Acropora digitifera (designated AdRed). This protein shows a tetrameric state and is red emitting, with excitation and emission maxima at 567 and 612 nm, respectively. Its crystal structure shows the tetrameric interface stabilized by hydrogen bonding and salt bridges. The electron density map of the chromophore, consisting of Asp66-Tyr67-Gly68, shows the decarboxylated side chain of Asp66. Ser223, located near the chromophore, has the role of bridging His202 and Glu221, and is part of the hydrogen bond network. Mutated AdRed with Cys148Ser reveals a blue shift in fluorescence excitation and emission. Our results provide insights into understanding the molecular function of AdRed and other FPs.
Introduction
Fluorescent proteins (FPs) are very useful optical probes in molecular and cell biology. 1, 2 They provide a wide range of biological information, since their applications include protein localization, FRET, pH sensing, or metal biosensing. [3] [4] [5] GFP-like proteins display a β-barrel structure, and a tripeptide forms the chromophore after posttranslational modification through cyclization, dehydration, and oxidation. 1, 2 FPs exhibit inherent optical properties (e.g., quantum yield, Stokes shift, excitation, emission) depending on the chromophore sequence and the hydrogen bonding network around it. 1, 2 The engineering of spectroscopically enhanced FPs have been possible after the study of the function of the amino acid residues around the chromophore. 6 In addition, characterization and discovery of new FPs is being pursued continuously with the aim to expand applications in molecular and cell biology. Acropora species is the dominant reef-building coral of the Indo-Pacific 7 , and Acropora digitifera (Staghorn coral) is the dominant coral on Okinawan reefs. 8 Genomic and phylogenetic analyses show that A. digitifera encodes the largest known family of FPs. 9, 10 Based on genome-wide analysis, Shinzato et al. found one cyan, five green, and one red FP, as well as three chromoprotein genes in A. digitifera.
9
These FP genes are expressed during embryonic and
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larval developmental stages and in adults, suggesting that the genes play a variety of roles in the coral physiology. 9 Takahashi-Kariyazono et al. reported the presence of 31 to 35 FP sequences, including partial FP genes, in four A. digitifera specimens, as determined by quantitative PCR (qPCR). 10 FP gene copy numbers in the genomes of four A. digitifera colonies were estimated as 16-22 in the short-/middlewavelength emission, 3-6 in the middle-/longwavelength emission, and 8-12 in the chromoprotein clades.
10
Among FPs, red-shifted fluorescence presents the advantages of reduced autofluorescence, low lightscattering, and low phototoxicity. 11 Although classification of FPs from A. digitifera based on amino acid sequences and preliminary analysis of fluorescence emission have been carried out, functional studies of each FP have not been performed. In order to expand the existing knowledge, here we report the spectral and structural analysis of a red fluorescent protein from A. digitifera (designated AdRed). We characterized its absorbance spectral properties and its fluorescence emission. We determined its crystal structure at 1.8 Å, and describe the tetrameric interface, the chromophore, and the hydrogen bond network at its vicinity. Structure comparison and mutagenesis demonstrated that Cys148 affects the red shift in fluorescence excitation and emission. Our results provide the understanding the red fluorescence by AdRed, as well as additional important information to the FP research field.
Results and Discussion

Spectral analysis
Codon-optimized AdRed was expressed in E. coli BL21 (DE3) with low expression yield (~2.5 mg/L). The molecular mass was found to be 133 kDa, corresponding to the tetramer, as determined by analytical gel filtration chromatography [ Fig. 1(a) ]. The purified protein solution displayed a distinguishable purple color and exhibited red fluorescence when exposed to LED light of 470 nm [ Fig. 1(a) ]. To explore the optical properties of AdRed, purified protein in solution was spectrally analyzed, for absorbance and fluorescence. At pH 8.0, AdRed displayed a major absorption peak at 567 nm with a shoulder at 530 nm [ Fig. 1(b) ]. The amplitude of the 567 nm peak increased with pH, whereas that of the 422 nm peak decreased. The 422 and 567 nm peaks correspond to the neutral and ionized states of the phenolic hydroxyl group of the chromophore, respectively. 1 In general, the neutral form of the chromophore is non-fluorescent, whereas the ionized form is highly fluorescent. 1, 12 To verify the pH-induced non-fluorescent state, we measured the fluorescence emission of AdRed at different pHs. The fluorescence emission intensity of AdRed was consistent with the amplitude of the ionized form of the chromophore at 567 nm (Fig. S1 ). The fluorescence intensity was maximized at pH 9.0, and the intensity of the fluorescent state of the chromophore was at pH above 5.0 (Fig. S1 ). The non-fluorescence state was observed at pH below 4.0. The apparent pKa value was 4.0, as determined from the pH dependences of absorbance and fluorescence emission. Fluorescence spectra showed excitation and emission peaking at 567 nm and 612 nm, respectively [ Fig. 1(c) ].
Overall structure
We determined the crystal structure of AdRed at pH 5.6 at 1.8 Å resolution. The spectral analysis [Figs. 1(b) and S1] indicates that, at this pH, the obtained crystal structure represents the fluorescence state of the chromophore. The R work and R free of refined AdRed structure were 17.81% and 20.75%, respectively. The electron density was well defined for the whole AdRed, excluding the N-terminus. The overall structure of AdRed shows similarity with other FPs, exhibiting the typical β-barrel structure with 11 β-strands and two α-helices [ Fig. 2(a) ]. The tripeptide Asp66-Tyr67-Gly68, which was posttranslationally modified and forms the chromophore, is located at nearly the center of the β-barrel [ Fig. 2(a) ]. The electron density map was well defined for all atoms of the chromophore, excluding the carboxyl group of the side chain of Asp66 (see below). There are two AdRed molecules in the asymmetric unit, which forms the typical tetrameric arrangement with 222 symmetry in crystal packing [ Fig. 2 (a)], as observed for other GFP family members. [12] [13] [14] This is consistent with the tetrameric form of AdRed in solution determined by gel filtration chromatography [ Fig. 1(a) ]. The tetrameric form of AdRed can affect its slow maturation, pH stability or fluorescence resonance energy transfer. 13, 15 To obtain useful information for a future production of AdRed monomers, we analyzed the interface of the AdRed tetramer. The A-B dimer interface between molecule A (10919.3 Å 2 ) and B (10645.9 Å 2 ) has a buried surface area of 1014.7 Å 2 , accounting for 9.4% of total monomer surface area. This dimeric interface is stabilized by seven hydrogen bonds (Pro147-Lys151, Ser228-Gln201, Ala229-Gln201, and Asp164-Tyr168), 12 salt bridges (Glu146-Lys151, Asp164-Arg178, and Lys203-Ala231), and five hydrophobic interactions (Ile153-Tyr168 and Val224-Leu230) [ Fig. 2(b) and Table S1 ]. The A-C dimer interface between molecule A and C has a buried surface area of 872.5 Å 2 , accounting for 8.47% of total monomer surface area. There are five hydrogen bonds (Asp182-Asn130, Gln94-Asn130, and Thr106-Thr106), two ionic interactions (Asp134-Arg157), and three hydrophobic interactions (Leu98-Leu98, Val104-Val104, and Thr106-Val129) [ Fig. 2 (c) and Table S2 ]. This AdRed tetrameric form is similar to other typical tetrameric FPs (Fig. S2 ).
13,14
Chromophore environment of AdRed
When performing molecular replacement and initial refinement, a chromophore sequence composed of Asp66-Tyr67-Gly68 in the model coordinate was used. In the electron density map, the posttranslationally modified chromophore containing an imidazoline ring was identified [ Fig. 3(a) ]. A strong negative electron density map was observed in the carboxyl side chain of Asp66 of the chromophore (Fig. S3 ). 2Fo-Fc simulated-annealing omit map undoubtedly confirmed the two-ring structure of the chromophore of AdRed, whereas the electron density map revealed the absence of the carboxyl group at the expected Asp66 in chromophore of AdRed [ Fig. 3(a) ], indicating that Asp66 is decarboxylated. This modification occurs in another red fluorescent protein, zRFP574, in which it is formed by oxidation-decarboxylation of a GFPlike chromophore-precursory structure during wildtype zRFP574 maturation. 16 The side chain of the decarboxylated Asp66 of the chromophore is surrounded by hydrophobic residues (Ile44, Leu204, and Leu219) and hydrogen bonding network (Fig. S4) .
In red fluorescent proteins, the chromophore forms an acylimine bond due to additional oxidation, through which the π-electron system is extended. 17 This potentially leads to red shifted absorbance and emission spectra. We observed that the binding of the chromophore and Phe65 in the electron density map was close to the planar (Fig. S5) , indicating the conjugation extension of the chromophore of AdRed.
The electron density map showed cis conformation between the tyrosine ring and the imidazoline ring of the chromophore [ Fig. 3(b) ]. The AdRed chromophore is roughly coplanar, with a tilt angle of~7 at Cβ2-Cγ2 [ Fig. 3(b) ]. The hydroxyl group of Tyr67 in the chromophore is above the plane of the imidazoline ring, at a distance of~0.71 Å. The carbonyl group of the imidazoline ring is coordinated by Arg95 (2.81 Å), which was suggested to play a role in the chemistry of backbone cyclization [ Fig. 3(a) ].
1,2 The hydroxyl group of the tyrosine ring interacts with Csy148 (3.06 Å) and with water molecules (2.93 Å), which stabilize the chromophore by delocalizing its charge. 1,2 The highly conserved Glu218 interacts with the N2 atom of the imidazoline ring of the chromophore at a distance of 3.59 Å [ Fig. 3(a) ]. The hydrogen bond network in the vicinity of the chromophore and affects the spectral properties of the FP. 1,2 We analyzed the inherent hydrogen bonding network observed at the vicinity of chromophore of AdRed (Fig. S6) . At the bottom of the chromophore, Gln42, Glu221, His202, and Glu150 form a hydrogen bonding network also found in other FPs (Fig. S7) . 12, 14, 15 In the hydrogen bond network Gln42-Glu221-His202-Glu150, the distance between Glu221 and His202 is 3.61 Å. However, the Oγ of Ser223 is at a distance of 2.55 and 2.73 Å from the Oε of Glu221 and the Nδ His202, respectively. We consider thus that Ser223 bridges Glu221 and His202. Moreover, the extended hydrogen bonding networks, including water molecules, are observed in the vicinity of the chromophore [ Figs. 3(c) and S8].
Comparison with other FPs
We compared the crystal structure of AdRed with the one from the red fluorescent protein zRFP574 from Zoanthus sp. (PDB code: 2FL1), which has a sequence identity of 81.17% with AdRed [ Fig. 4(a) ]. The chromophore of this FP consists of the Asp66-Tyr67-Gly68 tripeptide with the decarboxylated Asp66 side chain, similarly to AdRed. 14, 18 Its fluorescence properties differ from those of AdRed in that zRFP574 has excitation and emission maxima at 553 nm and 574 nm, respectively. Besides red-shifting its emission over zRFP574, AdRed has a wider Stokes shift. To understand these spectroscopic differences, the crystal structures of AdRed and zRFP574 were compared.
Superimposition of AdRed and zRFP574 shows structural similarity with an r.m.s. deviation of 0.51 Å in the Cα atoms [ Fig. 4(b) ]. However, there are structural differences in the vicinity of the chromophore. In AdRed, the hydroxyl group of the chromophore is stabilized by Cys148, located at a 3.06 Å distance [ Fig. 3  (a) ], while in zRFP, it interacts with Ser148 at 2.60 Å distance [ Fig. 4(a) ]. In addition, while in AdRed, Glu221 and His202 are 3.61 Å apart and Ser223 is an intermediate in the hydrogen bonding network, in zRFP574, Ala223 replaces Ser223 and a distance of 3.26 Å is observed between His202 and Glu221.
To investigate whether these structural differences affect the spectroscopic properties, we substituted Cys148, which stabilizes the hydroxyl group of the chromophore of AdRed, with Ser148. Spectral analysis of AdRed-Cys148Ser has excitation and emission maxima at 560 and 599 nm, respectively, which correspond to blue shifts of 7 nm and 13 nm, respectively, when compared with wide-type AdRed [ Fig. 4(c) ]. These results indicate that Cys148 affects the fluorescence excitation and emission maxima wavelength.
We also performed a comparison of AdRed with DsRed, which has well characterized fluorescence properties and structural analysis. AdRed and DsRed have a sequence identity of 39.6% (Fig. S9) . Superimposition of AdRed and DsRed showed that the overall structures are very similar with an r.m.s. deviation of 0.995 Å for 217 Cα atoms [ Fig. S10(a) ]. However, in the chromophore, which is important for fluorescence properties, AdRed is composed of a tripeptide of Asp60-Tyr61-Gly62, which has a decarboxylated form, while DsRed has a tripeptide sequence of Asn66-Try67-Gly68 [Figs. S9 and S10(b)]. In addition, the hydrogen bond network configuration in the vicinity of the chromophore differs [ Fig. S10(b) ]. In DsRed, maxima peaks of fluorescence excitation and emission maxima are present at 558 nm and 583 nm, respectively, with a stoke shift of 25 nm. 17 On the other hand, AdRed has maximal peaks of fluorescence excitation and emission of 567 nm and 612 nm, respectively, and a stoke shift of 45 nm, which is wider than DsRed. As a result, both AdRed and DsRed belong to the red fluorescence protein family, and display similar overall structure. However, there are marked differences in fluorescence characteristics, chromophore, and chromophore environment. In summary, we characterized the optical properties of AdRed for absorbance and fluorescence. Structural analysis of AdRed provides the understanding of the molecule function and sets a basis for further monomeric engineering using the knowledge on the tetramer interface. In addition, the blue-shift effect arising from mutagenesis of Cys148Ser provides insights into the role of that residue on the properties of FPs. Our results provide useful information for future applications in the FP research field.
Materials and Methods
Protein preparation
AdRed coding sequence (UniProt: A0A1S7IWI8) was cloned into pET28a vector (Novagen) at the NdeI and XhoI restriction sites. Resulting recombinant DNA was transformed into competent E. coli BL21 (DE3). Cells were grown at 37 C until an OD 600 of 0.6 was reached. Expression was induced with 1 mM IPTG, followed by incubation for 18 h at 18 C. Cells were harvested, resuspended in buffer A (20 mM Tris-HCl, pH 8.0, 150 mM NaCl and 5 mM β-mercaptoethanol), and disrupted by sonication. Cell debris was removed by centrifugation at 13,000 rpm for 60 min.
Supernatant was filtered through a 0.45 μm polyether sulfone membrane and loaded onto a HisTrap chelating column (GE Healthcare). The column was washed with buffer A and bound protein was eluted with a gradient of buffer B (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM β-mercaptoethanol, and 500 mM imidazole). The eluate was incubated with thrombin to remove the N-terminal 6xHis tag overnight at 25 C.
The protein was further purified using HiLoad 16/600 Superdex 75 pg (GE Healthcare) equilibrated with 10 mM Tris-HCl, pH 8.0, and 200 mM NaCl. Genes of mutant AdRed-Cys142Ser were constructed using PCR and confirmed by DNA sequencing. Mutant proteins were expressed and purified as described for the recombinant AdRed protein.
Spectral analysis
Absorbance measurements at different pH values were performed as previously described. 12 AdRed at 5 μM was incubated with the appropriate buffer (0.1 M Na-citrate-HCl, pH 4.0-6.0; and 0.1 M TrisHCl, pH 7.0-9.0) in 100 μL volume, and the fluorescence intensity at 620 nm with excitation at 540 nm was recorded. Excitation and emission fluorescence spectra of AdRed at 50 μM in 5 mM Tris-HCl, pH 8.0, and 200 mM NaCl were recorded at 25 C. Fluorescence and absorbance spectra data were recorded using a Synergy H1 microplate reader (Biotek). All experiments were performed in triplicate. AdRed fluorescence was observed using a filter set 43 HE (excitation BP 550/25 and emission BP 605/70) of an Axio Observer D1 fluorescence inverted microscope (Carl-Zeiss).
Crystallization and data collection
An initial crystallization screen was set up with commercial kits using sitting drop vapor diffusion at 20 C. Drops were prepared by mixing 0.5 μL of protein (10 mg/mL) with the same volume of reservoir solution. Microcrystals of AdRed were grown in 0.1 M Nacitrate, pH 5.6, 0.5 M NaCl and 2% ethylene imine polymer. This crystallization condition was optimized by sitting drop vapor diffusion, using 1 μL of protein solution and 1 μL of precipitant in 500 μL reservoirs in 24-well plates. Optimum crystals grew at 20 C within 1-2 days. Crystals were flash-cooled in liquid nitrogen after a brief soaking in reservoir solution with the addition of 20% (v/v) ethylene glycol. The X-ray diffraction data were collected under cryogenic conditions (100 K) at the Pohang Accelerator Laboratory (PAL) beamline BL-11C. 19 The data were indexed, integrated, and scaled with HKL2000. 20 Structure determination and analysis
The AdRed structure was solved by the molecular replacement method using MOLREP 21 in the CCP4
program suite, 22 with the structure of yellow fluorescent ZsYellow (PDB code: 5Y8Q) 12 as the search model. Manual model building and refinement were performed using COOT 23 and Refmac5, 24 respectively.
Data collection and structure refinement are represented in Table I Highest resolution shell is shown in parentheses. a R merge = Σ h Σ i |Ii(hkl)_ < I(hkl) > |/Σ h Σ i I i (hkl), where I i (hkl) is the intensity of the 'ith' measurement of reflection hkl and < I(hkl) > is the weighted mean of all measurements of hkl. b R work = Σ||F obs |-|F calc ||/Σ|F obs |, where F obs and F calc are the observed and calculated structure-factor amplitudes, respectively. R free was calculated as R work using a randomly selected subset (5%) of unique reflections not used for structure refinement.
